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SUMMARY OF RESULTS

INTRODUCTION

Calcium silicate cements are the basis for the most widely used material in the world with
ordinary Portland cement OPC) the structural material of choice for buildings, highways, bridges,

and most of the other large structures in our everyday surroundings. OPC is usually mixed with

enough water to be flowable such that near net shaping via casting is possible. A typical water to

cement mass ratio (w/c) is 0.4. However, this level of water necessary to produce a castable

cement paste is much greater than that required merely for the hydration of the cement precursor

and residual water remains in the microstructure compromising mechanical properties. It has been

shown that cements with greater strengths can be achieved by reducing the amount of water below

a w/c of about 0.2 but these cements are often not flowable enough to be cast and must be formed

via shear intensive operations such as extrusion or uniaxial pressing which limits the shapes that

can be formed. Therefore, the long term objective of our work is to produce high strength calcium

silicate cements without compromising the ability to use near net shape forming techniques.

The maximum compressive and flexural strengths for cement paste have been produced by

Roy and Gouda (1975) at the Materials Research Laboratory at Penn State and Kendall et. al

(1983-88) of the Imperial Chemical Company, respectively. Successive processing iterations have

led to compressive strengths as high as 655 MPa (Roy and Gouda) and flexural strengths up to

250 MPa (Kendall et. al). The key to the development of high strength cements has been the

elimination of microstructural flaws through increasingly more rigorous and carefully controlled

processing iterations to reduce the size of critical flaws. Processing iterations have increased

strength primarily by eliminating residual porosity. The work by Roy and Gouda (1975)

underscored the effect that elimination of large crack-like flaws can have on improving strength and

set the stage for the later studies by researchers at the Imperial Chemical Company (Birchall and

coworkers including Kendall) to produce significant advances in flexural strength.

In the present study, a chemical engineering approach has been employed to promote

elimination of large size flaws and improve strength. A general philosphy in the program was to

prepare advanced cements designated as chemically bonded ceramics and use fracture mechanics

and fractography to determine the size and origin of the critical flaw. Critical flaws of a certain

type were eliminated in subsequent materials by alteration in some stage of the processing scheme.

The processing iterations with improvements in flexural strengths and fracture toughness

for samples produced on this program are shown in Figure 1. Chou and Mecholsky (1990) have

established that a fracture toughness test and flexural strength determination that also provides
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the critical flaw size, originally developed for advanced ceramics, can also be used for the

chemically bonded materials in this program (see Appendices I and 1I). It can be seen that flexural

strength has been improved from less than 10 MPa to about 80 MPa for the highest strength

material. Likewise, fracture toughness has been improved from 0.3 MPa-m1 /2 up to almost 2.5

MPa-m1 /2 for the second iteration. The maximum fracture toughness achieved without the

addition of a dispersed phase was 1.5 MPa-m1/2 . Thus, dramatic mechanical property

improvement has been achieved using the iterative approach.
The processing innovations that we are using on the program include advanced synthesis

techniques for the CBC precursor powders, incorporation of surface chemical principles to

enhance forming and chemical bonding of the materials, advanced forming techniques to both

refine microstructure and produce unique shapes (e.g., substrates, guides, etc.), and the use of

rigorous fracture mechanics analyses and fractography to analyze critical flaws and

microstructures. Of these three areas of innovation, we believe that the results on the advanced

synthesis, the surface chemistry, and the fractography will have the greatest impact on the general

enhancement of CBC strength. However, the advanced forming techniques also will have a major

role to play in ensuring that high strengths are achieved while still ensuring formability.

The progress on each of these research areas is presented. First, the evaluation of

mechanical property determinations based on indentation techniques for cementitious materials is

reviewed followed by the processing property iterations tested during the current reporting period.

Some conclusions may be drawn that indicate the directions for current and future studies.

MECHANICAL PROPERTY AND CRITICAL FLAW DETERMINATIONS ON

CBC MATERIALS

One of the most important goals of the current program was to analyze the effectiveness of

indentation techniques for evaluating the mechanical properties of cementitious materials.

Indentation techniques were combined with fracture surface analysis techniques, i.e., identifying

the critical crack size and calculating the fracture toughness, in order to obtain comparative values

with small crack techniques (see also Appendices I and II). The emphasis on small crack

techniques is important because failure of reasonably good macro-defect-free (MDF) cements will

have cracks smaller than 200 ý.in and of approximately the same shape as indentation-induced

cracks.

The indentation-strength technique was found applicable to MDF cements for measuring

fracture toughness'. A strength-indent load graph is shown in Figure 2. This graph demonstrates

that the indentation theory developed for glass and polycrystalline ceramics is consistent with the

data for MDF cements. This was the first time that the strength-indentation technique has been

applied to cements. However, attempts have been made to apply crack-indentation techniques to
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strength 

versus indent load is consistent 
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cement pastes with limited success 2. The previous 
work 2 gained qualitative 

insight into fracture

mechanisms, 
but did not attmpt quantitative 

determination 
of the fracture toughness 

from the

indentation 
impressions. 

By using both optical and electron microscopes, 
fractography 

becomes a

powerful 
tool for estimatig 

the toughness. 
The two techniques 

give comparable 
values (Table 1).

We suggest that small crack techniques 
are applicable 

for the measurement 
of crack growth

resistance 
in cementitious; 

materials as long as the crack size is larger than a characteristic

dimension 
of the microstructure 

(e.g., larger than an equivalent 
"grain size"). R-curve (crack

growth resistance 
dependence 

on crack size) behavior was observed and the (apparent) 
toughness

was about 1.25 MPam1/2. 
Microcracking 

is suggested 
as a possible toughening 

mechanism 
for

this MDF cement which was fabricated 
from OPC, 14 parts of deionized 

water and 3 parts polymer

(polyacrylamide). 
Current processing 

techniques 
fimit the study of the fracture process and

toughening 
mechanisms.
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Table 1. Test data for MDF cement.

# Load KI(1) KJ(2) c a
(Kg) (MPa mr/2) (MPa mit 2) (jim) (MPa)

I 1 1.00 1.08 119 59

2 3 1.14 1.12 200 48

3 3 0.95 --- 38
4 5 1.13 1.18 305 41

5 5 1.20 1.11 234 44

6 7 1.24 1.04 237 41

7 7 1.28 1.29 329 43

8 10 1.35 1.25 341 41

9 10 1.28 1.36 497 38

10 15 1.35 1.32 498 36

= Flaw was not identified, c = Flaw Size, ; = Flexure Strength.

Kc(1) is calculated using the indentation-strength technique.

K,(2) is calculated using fracture surface analysis.

Flaw size c = (ab)l t2, where a is the depth of the semi-elliptical flaw and 2b is the width of the flaw

on the surface.
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PARTICLE SYNTHESIS AND CHARACTERIZATION

A major objective in the research was to chemically synthesize a fine particle calcium

silicate which could be dehydrated and rehydrated to be used to produce a cement product with
high bend strength. The particle size for OPC ranges from submicron to - 100pm and fracture

analyses by Kendall et al. indicate that large, unhydrated grains are at least one source of critical

flaws in these materials. Chemically derived calcium silicate was synthesized using both metal

organic decomposition (MOD) and hydrothermal methods. The chemically derived, fine particles

were then used to produce cements by extrusion and pressing. The basic procedure used to

prepare caclium silicate powders by MOD is summarized in Appendix III and details are provided

in the thesis whose abstract is Appendix IV.

An initial problem with the MOD method was low yield (3g/week). However, even after

yields had been improved, the dried. MOD powder had a very large surface area (>I00 m-/g) and

also a rather large mean particle size (5 gm) indicating the presence of agglomerates. Hard

agglomerates in the MOD synthesized powder were confirmed in SEM photomicrographs. In an

attempt to eliminate the "gglomerates. the powder was milled. However, the powder reacted with
the toluene used in milling and the mean particle size actually increased (9 tpm). Furthermore.

MOD powders could not be produced in an agglomerate-free state even with dispersant

incorporated in the synthesis chamber.

The second powder preparation method evaluated was hydrothermal synthesis. This
method was used in order to produce a well-crystallized. calcium silicate hydrate powders. After

the method was fully developed, the dried powders had a specific surface areas from 20 to 50

m2/g and consisted of either platelets (tobermorite, 5CaO.6SiO2 -5H20) or acicular particles

(xonotlite. 6CaO-6SiO2-2H20). Surface areas were not as large as those for the powders

prepared by MOD, but it was determined by SEM that the particles were not agglomerated.

Therefore, the hydrothermally synthesized tobermorite and xonotlite in both the dehydrated and as-

synthesized state was used in subsequent processing iterations.

The hydrothermally derived tobermorite and xonotlite consisted of well-crystallized

particles with predominantly a platy habit in the former and acicular habit in the latter materials.

Each of these particles were characterized with respect to their likely crystallographic habit

(Appendix V).

The surface charge formation on the particles was evaluated using particle electrophoresis

(Appendix VI). An understanding of surface charge development on particles is important in

aqueous processing because it often dictates the tendency of the particles toward agglomeration as

well as the type of polymer that may be required to ensure dispersion and flowability of the



suspension. It was found in the current work for hydrothermally synthesized tobermorite that the
magnitudes of the zeta potentials were consistent with specific adsorption of Ca2÷ with the

isoelectric point of the tobermorite increasing as a function of Ca2*. IEP for the tobermorite

ranged from pH 10.3 in deionized. decarbonated water to pH 11.63 in 10 "4 M CaCI2(aq).

POWDER PROCESSING, GREEN FORMING, HYDRATION AND

CHARACTERIZATION STUDIES

In general. the strength and toughness increased with each processing iteration with
mechanical properties significantly better than those for conventionally processed OPC. Large,
lenticular cracks present in the gel-cast materials motivate the study on the role of the viscoeleastic
properties of the materials.

Processing was first performed using OPC (specifically, OPC-Type 119) because of its
availability. The cement was mixed with polyacrylamide by hand and using a high shear mixer
(Brabender Co.). Those samples mixed with the shear mixer and pressed had a higher bend
strength than the samples which were mixed by hand. The samples extruded with OPC and OPC
with an MOD calcium silicate (CDCS 18C) showed the highest strength and toughness values.
These excellent properties are the result of filling the interstices of the coarser OPC particles with
the finer MOD particles to achieve higher initial densities and improved ultimate mechanical
properties. This processing method could not be used on the MOD chemically derived powder
alone due to the fineness of the powder and the stiffness of the dough which resulted after shear
mixing, characterisitics consistent with the large degree of agglomeration present in the MOD
powder.

Table 1 shows the compilation of toughness measurements and crack sizes, where
possible. for different processing conditions. Figure 1, summarized earlier, gives some of the
properties obtained with selected processing steps. The conclusions from this study are as
follows:

1. Samples mixed with a Brabender mixer and without acetone had the highest

toughness value (1.4 MPaml/ 2).

2. Samples cured in Ca(OHI) 2 solution showed the worst mechanical properties. All the
flexure beams did not break from the indent because there were large, long cracks
(>1000 gm) present. It's not clear if those cracks pre-existed before grinding and

drying, or not.
3. In general. the microstructure obtained from the fracture surface showed no

substantial difference between processing techniques. Most of the pores are less than
5 pm. However, those cured in Ca(OH) 2 solution have a different morphology in the
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Table 2. Summary of mechanical properties of OPC paste cured and processed at different
conditions

Condition a1(MPa) K,(MPa m1/2) Flaw size (gm)

Ca(OH) 2 solution 13 >1000
,1. .. 21 --- >1000

17 
>1000

4 
>1000

10 
>1000

H20 solution 19 --- >200

30 0.76

26 1.02

23 0.94 ---

Brabender 55 1.41 (1.19*) 326

59 1.43* 387

40 --

44
Brabender+acetone 19 0.87

26 
1.25

Note:
1. --- means those did not break from indent.
2. * means toughness calculated from fracture surface analysis.
3. Samples were die pressed at 117 MPa and cured at 600C for 7 days.4. Beams were indented at 2 and 10 Kgs and fractured in 3-pt. flexure.5. Compositions are: 7g water + 3g acrylamide + 40g OPC + 0.0154g (NH 4)2S20 86. Ca(OH) 2 solution is prepared 1 g Ca(OH) 2 in 500 ml water.
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outer surface than on the interior. This implies that the infiltration is not as complete

as expected or that the green body has no connected pore channels.
4. The long surface cracks may develop because of this infiltrated outer layer since it

tends to lose water during the drying period (801C/17 hours) and there most likely is

differential shrinkage at the interface of the surface and interior.
5. Even after use of the high shear. Brabender mixer, there still existed large flaws

(cracks) associated with a needle shaped low density region.

GEL-CASTING OF CEMENTIOUS SYSTEMS: MECHANICAL AND
VISCOELASTIC PROPERTIES

Gel-casting (Appendices IV. VII. VIII. AND IX) is a forming technique that may be used
to potentially develop new cements based on advanced forming techniques. but without the high
shear forming required to process the materials when the low water content is reduced to promote
higher strength. In gel-casting, water and the monomeric form of the desired polymer are mixed
with the ceramic precursor with an appropriate polymerization initiator to form the desired polymer
in-situ within the powder mass3 .'4 . The rationale for evaluating gel-casting as a cement forming

technique was that the liquid, monomeric form of the polymer could be used to replace some of the
water used to promote flow in castable cements. After forming and polymerization, the gel-cast
polymer would form a rigid three-dimensional structure to promote strength in the mature, cured

material.

There were two aspects to the gel-casting work performed in this study. In the initial work
(Appendices IV and VII, the strength of gel-cast cements were evaluated using the critical flaw
analysis applied to cementitious systems by Chou et.al. (Appendices I and iM). This initial work
indicated that the ability to achieve high strength in gel-cast bodies was compromised by lenticular

flaws. It was hypothesized that these flaws were due to poor control over the viscoelastic
properties of the gel-cast system during the forming process. Therefore a second study was
initiated to determine the viscoelasuc properties of a model gel-cast system in which non-reactive
particles were incorporated (Appendices VIII and IX). Results and conclusions of the processing -
property study is described first followed by a discussion of the results obtained on the viscoelastic
properties of the model gel-cast s, stem

Processing and properties of gel-cast cementitious systems
There are many variables to twke :nto consideration when gel-casting cement. One such

variable is to select the initiator for .rc .,,inenzation reactions. The experiments showed that

there was little difference in strencu', ,. :rl c:ast cements whether ammonium persulfate or the
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potassium form was used. Another variable evaluated was the method used for mixing the paste.

Shear mixing, as opposed to hand mixing, produced cement bars with much higher strengths and

denser microstructures. Curing conditions of cement samples also had an effect on the strength.

The samples cured in Ca(OH)2 or acetone had much lower strengths than those cured in deionized
water. The low strength in the former is attributed to the formation of low strength Ca(OH) 2

(Portlandite) platelets. Low strength in the acetone cured cements is attributed to dehydration of
the material, in particular the gel-cast polymer. Tanaka showed that polyacrylamide gels shrink via

dehydration in the presence of acetone (5). In the current work, curing in acetone was performed

to test the hypothesis that some dehydration could put the material into compressive stress and

promote greater bend strength. This was not found to be the case as the strength degraded

considerably. However, if the appropriate acetone-water mixture is used, there may be improved

strength through the formation of only surface compressive stresses.

Processing of the gel-cast cement also played a role in the strength achieved for the final

product. Initially the calcium silicate cement powders were uniaxially pressed, but these samples

separated when placed in water for curing. The calcium silicate samples were then isostatically

pressed to 30,000 psi (107 MPa). These samples did not delaminate during the curing process.

However. the strength of the samples were not as high as expected. The microstructure revealed

large lenticular cracks. probably due to the uniaxial pressing step. The lenticular cracks were

typical of those produced in ceramic materials in which "springback" or the viscoeleastic recovery

after applying uniaxial stress to a powder compact exceeds the yield strength of the material.

Therefore. work was conducted to examine the viscoelastic response of the gel-cast materials.

Viscoelastic relaxation of gel-cast polyacrylamide containing inorganic filler

The viscoelastic relaxation of gel-cast polyacrylamide was studied as a fucntion of various

paprameters including the concentration of cross-linking agent (Appendices VIII and IX). Silica

particles'were also added to some of the gel-cast polymers and diametral tensile strength

determined as a function of the gel-cast polymer processing variables to correlate viscoelastic

characteristics of the material to strength. To relate the gel-cast system to cementitious gel cast

systems. the influence of inorganic agents (i.e.. Ca 2+ and Na÷) that potentially cross-link the

polymer were also evaluated. The influence of the different cross-linking agents was determined

using isothermal calorimetry to deduce heat production during the reactions. Raman spectroscopy

to evaluate molecular structure, and creep-relaxation experiments to determine the viscoelastic

behavior of the polymer. Typical viscoelastic responses of the gel-cast polymers as a function of

the concentration of organic crosslinking agent are shown in Figure 3.

It was demonstrated that Ca2÷ and Na+ effect the heat production and molecular structure

more than any other tested variables and this in turn is reflected in the viscoelastic relaxation of the
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gels after a stress is applied. Na+ as NaOH had, of course, an explicit impact on the pH of the gel-

cast system. It was shown that changes in pH result in differences in molecular structure and

viscoelastic relaxation. Gels made with Na+ are more anelastic because deformation of the formed

chain entanglements is permanent. In contrast, samples prepared with Ca2÷ restore elastically to

some extent after stress is applied (Figure 4).

The viscoelastic behavior of gel-cast samples was reflected in the strength of samples with

a silica filler present. More elastic samples showed the greatest strength (Table 3). The organic

cross-linking agent also produced greater strength than the inorganic. Thus, in general, the

viscoelastic behavior of a material during processing has an impact on the subsequent mechanical

properties.

CONCLUSIONS
The following conclusions can be drawn from the results of work in this program:

1. The approach using iterative processing combined with fracture mechanics analyses is a

powerful tool in the development of high strength cements. Although the mechanical property

values reported in the current work do not exceed those reported in the literature, the appreciation

developed for magnitudes of the critical flaw sizes as a function of processing mode provide a

basis to continue to improve the strength of this important class of compounds.

2. The fracture mechanics approach indicates that bend strengths of 59 MPa and fracture

toughness greater than 1 MPa-m1/2 can be achieved in ordinary Portland cement without a great

deal of changes in the processing. Critical flaw values for these ranges of strength and fracture
toughness are -300prm. This critical flaw size is the same order of magnitude as the biggest

particles in the OPC powder before hydration. Thus, greater property improvement may be

realized by reducing particles sizes to below at least 100pm.

3. Gel-casting approaches offer a way to improve the ability to process and form advanced

cementitious materials without compromising the relatively high strength and fracture toughness

values that are being achieved with these materials. Other polymers should be explored and their

viscoelastic properties used as a selection criteria to approach optimal mechanical property values in

gel-cast cement systems.
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Table 3. Overview of the results from the diametral tensile strength testing.

Iteration sample variables samples brittle plastic average brittle
tested sample9 samples samples +/-Sd

**

BisAMr in WI %

25 0.03 5 5 0 6.46 +/- 0.47
30 0.10 4 4 0 4.33 +/- 0.31
26 0.15 5 5 0 4.56 +/- 0.30
23 0.30 4 4 0 3.57 +-0.23
31 0.40 5 5 0 3.01 +/- 0.33

pH adjusted with Nt

27 11.61 4 2 2 3.23 +/-0.065
32 12.65 5 2 3 2.26 +1- 0.21
34 9.38 5 2 3 1.59 +/- 0.32

pH adjusted with Ca2

28 11.46 5 2 3 3.32 +/- 0.06
33 12.21 5 4 1 2.17 +/- 0.21
35 9.63 5 3 2 1.59 +/- 0.28

grain size in
micron

23 30 4 4 0 3.57+/-0.23
36 10 4 4 0 4.65+/-0.8
24 5 5 5 0 5.83 +/-0.75

* BisAAm = N,'N - Methelene - bis -Acrylamide

**Averge = diametral tensile strength average of the samples in Mpa
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Fracture toughness of macro-defect-free cement using small
crack techniques
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The fracture toughness of a macro-defect-free (MDF) cement was calculated from two
measurement techniques: (1) indentation-strength method and (2) fracture surface
analysis (FSA). It was found that the indentation-strength method, which showed good
agreement with FSA, was applicable for estimating the fracture toughness of MDF
cement. The ultimate toughness was found to be 1.25 Ma m'2 for this MDF cement,
which contained 3 wt. % polymer. An R-curve (crack-growth-resistance) behavior was
also observed. Scanning electron micrographs showed extensive microcracking on the
fracture surface. Microstructural effects are discussed.

I. INTRODUCTION crack resistance but succeeded only with the DCB tech-
Cement is an inexpensive, readily available mate- nique. None of them employed the indentation-strength

rial with many desirable properties. Nevertheless, it is technique.1 6 This technique is attractive because it ian-
rather weak in structural applications compared with volves crack sizes observed in most advanced materials
traditional ceramics such as alumina and zirconia. The applications. Since there appears to be a crack size ef-
fracture toughness (Kk) of conventional hydrated ce- fect on fracture resistance, it is important to know the
ment paste varies from 0.2-0.5 MPa rn"'2, 3 which is behavior, i.e., strength and toughness. for small cracks
rather poor compared to other ceramics; e.g., alumina as well as large cracks. Typically, small cracks control
has K, values which range from 2-6 MPa in"'. The low the strength of the material. Fracture surface analysis
toughness and large flaws lead to very low flexural (FSA), which has been proven very powerful in glass
strength, typically between 3 and 10 MPa.4 It has been and ceramics, is used to determine the fracture tough-
demonstrated that porosity is by far the dominant con- ness of MDF cements. It is our goal in this paper to
trolling factor limiting the strength of hydrated cement investigate the applicability of the indentation method
paste.5`7 The removal of those large voids, i.e., macro- and FSA to MDF cements.
defects, by using polymers and plasticizers for rheologi- II. EXPERIMENTAL
cal control and efficient mixing has generated a new
class of materials: MDF (macro-defect-free) cements. Mih cemenas prepard byming ( 3 pats
Investigators have shown that the flexural strength of weight) of ordinary portland cement (a calcium silicate
MDF cements then increases to 70 MPa and fracture based material), 14 parts of dc-ionized water, and 3
toughness can reach 3.0 MPa rn 2 .8  parts of polymer (polyacrylamidel. For better process-The measurement of fracture toughness of cement ing, the polymer was first dissolved in water, thenpaste has been conducted mostly using the single-edge- mixed with cement particles. After shear mixing, the
notch-beam (SENB) method on ordinary portland paste was extruded into a plate and cured at 60 °C in a
cement 7"" and alumina cement.' Some researchers humid atmosphere for one week. The relative humidity
used the double-cantilever-beam (DCB) technique on was kept around 90%. The extruded plate was sand-
cement paste, mortars." and concrete."2 and double tor- wiched by two flat glass plates with a dead weight
sion (DT) to study the crack growth in hardened ce- (about 4 Kgs) to prevent warping during this curing pe-
ment paste.0 There are many papers discussing the riod. The plate was then placed at ambient temperature
measurement of toughness of MDF cement. Eden and and atmospheric condition for another 3 weeks and cut
Bailey used the SENB technique and work of fracture into rectangular beams (approximately 5 x 3 x 40 mm).
to calculate K,. and proposed a fibrillar pull-out model To remove existing surface flaws or those resulting
for polymer modified portland cement.'" Mai et al. 's at- from cutting, all beams were ground using 600 grit and
tempted to use indentation cracks and lIrge cracks in dry polished with I Atm alumina powder. To avoid
double cantilever beam (DCB) specimens to measure stress concentrations at sharp edges, all beam cor-

ners were rounded. During each grinding/polishing
step, beams were cleaned with ultrasonic vibration

"OCurrent address: University of Florida, Department of Materials for 5-10 min in acetone. Finally, they were coated
Science and Engineering. Gainesville. Florida 32611 with gold.
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After coating, beams were indented by a Vickers sible and free from flaws, a condition which is almost
diamond using loads from 1 Kg to 15 Kg and fractured impossible for cement paste. These considerations di-
in 3-pt flexure (outer span = 25.4 mm). The crosshead rected us to choose the indentation-strength method for
speed was 2.54 mm/min. After fracture, samples were evaluation of fracture toughness.
immediately coated with gold to prevent possible hy- Consider a Vickers-induced radial crack system.
dration. An uncoated fracture surface was observed subjected to an applied tensile stress a,., as depicted in
after exposure to air for an extended time; the surface Fig. I. The strcss intensity factor, K., appropriate to
was altered in such a way as to change the morphologi- this tensile loading has the standard form
cal details. Although the hydration of cement usually K. = Y ' (I)
depends on the original water in the mix, the water/
cement ratio in the present mixture is low (0.17) and where Y is a load and crack-geometry factor (Y = 1.24

the original water is most likely completely reacted. In for small surface cracks which are residual-stress frcei

fact, there was evidence of unreacted calcium silicate and c is the critical crack size where c = (ab)"2 with

particles (cf. Fig. 2) which could react with external a = depth and 2b = width of the fracture initiating

water; thus, the samples were coated. The coated speci- crack."' For the Vickers crack system, the crack exten-

mens were analyzed using optical and electron mi- sion force comes from not only the applied load but the

croscopy. Fracture surfaces were first evaluated using a deformed region which gives the residual stress. The

stereoscope (Nikkon) with magnification from 6.6 to stress intensity factor for the residual part is

40x. Fracture markings such as "river" markings, K, =x,P/c' = y,(E/H)"2 P/c3 '2  (2)
lance, and twist hackle were helpful in tracing the frac- where •,, and y,. are constants for the Vickers-produced
ture path back to the origin.' 7 These markings have radial crack and E11I is the elastic modulus-to-micro-
been observed on glasses, single and polycrystal ceram- hardness ratio.2" The net stress intensity factor is
ics, metals, and polymers."7 In addition, the amount of therefore
polymer used in these experiments was about 3 wt. %
and most likely did not form a continuous network or K, - K, + K. = ,y' + Yu'~c" 2(c > c.") (3)

precipitate as a particle. Thus, we expect brittle-like where c.' is the size of the radial crack immediately
behavior with the associated features, as observed, prior to application of the tensile stress." For crack
Fracture surfaces were also examined on a scanning growth under equilibrium conditions, K, K,, .vc can
electron microscope where the depth of field was uti- solve the applied stress as a function of crack size,
lized. Both secondary and backscattered electron im- a. = [K,/Y, '][l - xPKc'1 (4)
ages were used to delineate the markings.

In general, it is very difficult to observe fracture This equation has a maximum at dor./dc = ,Y

features in cementitious material. In order to attempt to which gives the fracture strength, or., and the maxi-

produce a more visible fracture origin, we decorated mum crack size, c,_, beyond which the crack propagates

the indented crack surface. To decorate the origin, two unstably to catastrophic failure.

extra flexure beams were indented and marked with a a,,, = 3K,/4Y (c,,)"2 (5)
drop of liquid of either (1) mixture of 5:1 = absolute c, = (4t(,PK)'-' (6)
ethanol:black ink or (2) 10 drops of concentrated nitric
acid in 50 ml absolute ethanol at the impression. They
were then broken and analyzed as the others. p

Ill. BACKGROUND
There are two popular methods used to obtain

fracture toughness using indentation: i) the direct .
crack measurement and (2) the strength method. The °a
former involves indentation and measurement of the
crack surface trace length. This measurement provides
a quick estimation of the resistance to tractate, but the
crack propagation process is not considered since the
toughness is estimated from the length ot the arrested _

crack. This suggests that perhaps the arrcemd inm-nted 2c
cracks should be associated with the stress intensity FIG. I. Schemaic, to Vick crs-produccd radial/median crack ,v!,.
for crack arrest, Kb, rather than Kir, the critical stress tem. characteristic crack dimension. c. with contribution to tensile

intensity for catastrophic failure."' Also, the urtlace for loading and residual tir..s lIeld (via central deformed regioni at
the direct-indentation method should be as t Wat as pos- (preceding) contact load P."
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Chantikul ef al.:' derived an expression for toughness
from Eqs. (5), (61. and (2),

K, = rflE/H 1:(o.7.,p i) 3
.4(7

where Ti is another geometrical constant (77 0.59).
Note that K, is used here because the crack introduced
during indentation is a stable crack and may be dif-
ferent from K,. However, in practice the values are
often close.

In order to determine the fracture toughness frmm
a measurement on the fracture surface of the size of the
indented crack for bars which contain local residual
stress due to the indentation process. we can rearrange
Eq. (5) and substitute Y = 1.24 and obtain:

K, = l.65ou-c. - 8

Fractograpnv is a powerful tool in fracture anaivsis.
Not only can we rind the fracture origin but also we can FIG. 2. A typical example of locating the failure cramn bv ty
calculate either nte toughness or strength using this ;ning the fracture surface of an unreacted laree ce-ent particie it
technique. The identification of fracture origins such as high magnification. The twist hackle points back ;to~ard .r

pores. agglomerates. or contact damage can providie right) to the origin.

valuable information for process control. The critical eeto mgs hs rbescnb lmnt.
flaw size can also be used to estimate fracture strengtn. by using the -backscattered electron image shown :-
In reality, ceramic parts with known toughness tail

- Fig. 3 and as successfully demonstrated by Heaie-.during service. often w~ithout knowing the fracture V2:
- and Mecholskv 2  it can also be seen that the bacikstrength. Fracture strength can be calculated usine ei- scattered image illuminates the fracture markings be!-

ther Eq. M1 or EQ. t8t %hene toughness and critical Ila _j,

size ar knon t proideimprtan inormaionOn er than the secondary image. Note that Healey ar-e
t esiz es s arc sknown tio n pr v d m ora t i t r ato l \echolsk %:-- used a tour-quadrant solid-state annui.-r

the tres dstrbuton.backscattered detector which Provides --n enhanceý

IV. RESULTS AND DISCUSSION topographical image.

A. Fracture surface analysis B. Fracture toughness of MOF cement
Samples were tirst examined %% ih a sirteres,.prc L,,- The fracture toughness of %IDF cement calcuij,-::

ing oblique liichting- "his technique i, es~enlijli :.,r h\the indentation -st rengt h method. Eq.i. and IrL!.
tracinig fracture :.eerureý riack to the ortion. i )fie omer. ture surface analysis. Eq. ib.is iistea in -12lc I '
.idvantap-es for u';nie tr-.e indientation techniuue. :, mnii toughniess %ersus fla~k size is sho%;,n in Fie. - Fhese t-
the indent. most oz the ture. serves, as the tI~ unic, different methods show g-ood atreem~ent T',-e appafe":-
large defects or unroundied corners caus1ing itrcss :on- toughness %alue is taken at the ass mptote %alue it)
centrations also ;ý\tst.i Esen though the tr,icc',, ot mc;. 2. MPa m The \% Ord "apparent used hiere mean,
indent cracks %, ere not c!.ar. as ob-er% ed In \fni et a. i hat though the two method-, show gloodc'nien.
as well, the origin of failure occurred at ute i~c M111t~i~n does not necessarils mean that the ass mprote value
site and was from a typical indentation .rý :e he true or ultimate touehness '.alue: - 1: hasrei
average depth to half-'% idth ratio ~ss.p.xmic. known that a number of factors co(uld a.mf,:ic the tr.i,
1)8-It). One tecninique to locate the trl~ . ure toughness of %1OF cements. suc-h apoTWosit

esaminc fracture markings on lariee gr.iin' i -. ,r neii ma- \s ater-to-cement ratio i WIC). t\ pe of cement and poi ,
nification. A- tvpical example of the jrI 'rti,_, mer. volume fraction of pols mer aind curinc, ,condit(
o1 an unreacted ce-ment -article is Jc.::'I e -, etc Eden and Baile\ used ordinar\. portlainj ccme:-
Fwist hackle marKings arc clearly c~tr' :' -.kAith W/' C = f 13-011V. 1-4%- poivmer. and cured
point downward to the origin-in this e ý%.:Attcr tor 7' days. The toughness \alues tor their '.tuc%

Once we opticallv identify the ? . \ [increased from 0.7 to I.0 NIPa m - \%th increased roi\
inmine the surface. to measure the th%% -rc mr fraction from I 5 -5•ý. rcsoectr'eI' t ord, .
ning electron microscoo\. Two ditterem n:. w .: jso obtained toughness %salues from o.- 1 104 %1 P,,
taken. i.e.. the secondary and backscarte:re e m using OPC and polvacrylamide. cured at 1011,
images. Surface cnarging due to edge et ic:. i - ~ R. H. (30 'C o as hn dried at 5tV_ R.H.
ized roughening are present when usine 1-eL I. init other 7 davs.- As for alumina cement. toughness -i,.
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TABLE 1. Test data of MDF cement.

Load K&() K,(2) c
(Kg) (MPa m'/2) (MPa MI"2) OAMr %MPa)

I 1.00 1.08 119 59
2 3 1.14 1.12 200 48
3 3 0.95 ... 38
4 5 1.13 I.' 305 41
5 5 1.20 1.11 2.34 44
6 7 1.24 1.04 237 41
7 7 1.28 1.29 329 43
8 10 1.35 1.25 341 41
9 10 1.28 1.36 497 38

10 15 1.35 1.32 498 36

. flaw was not identified, c = flaw size, a, flexure strength
K,(I) is calculated from Eq. (7) (indentation). K,(2) is calculated
from Eq. (8) (FSA). Flaw size c = (ub)"1 , where a is the depth of the

semi-elliptical flaw and 2b is the width of the flaw on the suriace.

Rice and co-workers found that for ceramics the
fracture energy depends on the flaw-size-to-grain-size
ratio.2 5 They observed that flaw sizes less than 1/2 to
1/4 of grain size cannot be arrested at the grain
boundary, and single crystal fracture energy governs
fracture resistance below this limit. For flaw-size-to-
grain-size ratios of 1 to 6, polycrystalline fracture
energy applies. For concrete and mortar, the micro-
structure is quite inhomogeneous and contains large
sand and gravel particles in the centimeter size range.
Thus, measurement of toughness using small flaws in-

I.0F

FIG. 3. Fracture surface images showed no surface charging taken
by backscatiered electron image (above) rather than the secondary
electron image lbelow).

1.5

ues as high as 3.1 MPa m'1 have been reported.! Our .•

toughness data are higher than those of typical OPCs, E3 %

most likely due to the higher curing temperature s*.
(60 C). The curing temperature of 60 °C was chosen 2 1.0 a
based on our previous unpublished work. which showed
that paste cured at 60 °C in water for 1 week produced Kc(1,
higher toughness than that cured at 30 *C. The reason 2
for this difference may be that the higher tempera- O.S Kc (2)

tune speeds up the hydration process and softens the "
polymer (60 "C is higher than the glass transition tem-
perature of the polymer used), which can lead to a
more uniform microstructurt. However, our values are o.0
slightly higher than other MDF cements (e.g.. Eden 0 100 200 300 400 500 600 700
and Bailey") with as low a polymer content 13 wt.%)
and water-to-cement ratio (0.17). Improvements to
these cements are expected if a higher polymer content Flw Size (Pm)
is added. The maximum limit appears to be about FIG. 4. Comparnson of fracture toughness calculated by Eq C)
3.1 MPa mn`. and Eq. (8).
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troduced by indentation is inappropriate and a notched was thercfore limited to about 15 Kgs. Further investi-
"beam technique is most frequently used. The notch gation on the - 1/3 slope at much higher loads is still
depth is in the same range as the size of sand and needed when thicker samples arc available. The dcvia-
gravcl,2' whereas in our MDF ccmcnt system, the mi- lion fronm the - 1/3 slope curve at low indent loads is
crostructure composed of unreacted cement particle consistent with other ceramic materials."'4 This bchav-
and hydrated product showed grain sizes less than ior leads to a nonconstant toughness.
50 Am, as in Fig. 3 (which is quite obvious since the Crack extension resistance (toughness) increases
initial particle size of cement is in the 10-20 A.m with the flaw size, a so-called R-curve behavior
range). The flaws introduced by the indentation tech- (Fig. 6). It has been interpreted by Cook"' that at small
nique lie in the range of 100-500 Am, which are small flaw sizes, i.e., comparable to the scale of the micro-
compared with conventional test methods such as the structure, the toughness is an intrinsic property repre-
double cantilever beam, double torsion, or notched senting the weakest fracture path, and at larger flaw
beam techniques"'"; however, they are quite large sizes the toughness reaches a steady-state value repre-
compared to the microstructure. In Fig. 5 we plot the sentative of :he cumulative crack/microstructure inter-
flexural strength versus indent load in logarithmic coor- actions in polycrystalline materials. For our MDF
dinates. If we assume that Eq. (7) can be applied to cements, the R-curve is somewhat flat (Fig. b). We do
MDF cements, then strength values at higher indent not know yet whether this flat R-curve is due to its
loads should approach a line with slope of - 1/3. Most intrinsic properties or that we just haven't used a load
polycrystalline ceramics deviate from this ideal behav- low enough to create flaw sizes smaller than 100 Amm.
ior at lower indent loads because of a decrease in tough- The lower indentation range seems impossible to
ness with decreasing crack sizes. For our cement, at achieve at present s•ice the intrinsic flaws in our cc-
high indent loads the strength values are consistent ment samples are in the I(M) Am range.
with an approach to an ideal -1/3 power dependence Cook and Clarke have proposed a power law de-
on indent load, as suggested by Eq. (7), indicative (if a pendence for the Iracture resistance, and hence tough-
nonvarying toughness. However, in order to justify this ncss, oim crack ktglth2'
assumption and determine whether this is truly a T = " 1 ('/MY (c >-- d) j9)
toughness-crack size plateau, more data at higher in-
dent loads are needed. Because the thicknesses of our where T is toughness, ", is the hase line toughness of
beam samples were limited to about 3 mm due to pro- the material in the absence of any toughening mecha-
cessing and. were rather thin, the highest indent load nisms, and the scaling term d is the spatial extent of the

crack at which toughening begins. The toughening ex-
ponent r characterizes the rate at which the toughness

too- increases (r 0) corresponds to constant toughness, fur

10

el

ato.

*. U

P M
a an

4. A. cs

.- o. Ig Kc (1)
- Kc (2)

to ' + " .. .- ,.. . ., . . .. * I2

to~ 1*
t 0 100 1000 100 1000

LAd (N) Flaw Size (P ")
FIG. S. Flexural sirength versus indent load is consistent with a FIG. 6. T'oughness versus c~rack size relatlonship (iis a power law
- 1/3 slope at high indent loads. expre•sion 1!q. tIVl
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R-curve behavior r > 0). For MDF cements this model by decoration. A drop of !;quid was placed at the indent
will have to be carefully tested to see if it applies. The on one of the two beams. The fracture surface showed
testing of this model is beyond the scope of this paper. a much clearer contrast for acidic etchant rather than

A fibrillar pull-out model has been proposed by the ink-alcohol solution, as shown in Fig. 8. The tough-
Eden and Bailey 14 for high strength polymer modified ness for nitric-alcohol is KS(I) = 1.41 MPa m' 2 [K,(2) =
portland cement. From observations of the fracture sur- 1.52 MPa m"s] higher than ink-alcohol K,(1) = 1.3 MPa
face in Fig. 7, we found no indication of fibrillar pull- mr12 [K,(2) = 1.23 MPa mr"), where Ke(1) was calcu-
out. Crack bridging due to localized grain bridging, lated using Eq. (7) and K,(2) using Eq. (8). There are
polymer fibril bridging, and/or frictional interlocking some uncertainties about the effects of the etchant
behind the crack front was suggested by Mai et al." as since it may react with the cement paste and cause
a mechanism for toughening in a calcium aluminate crack blunting. Thus the higher toughness treated with
MDF cement. We had a different starting material and nitric acid might be due to crack blunting. In addition.
a different polymer, both of which influence the mi- the crack which had been made more clear due to the
crostructure and properties. We saw no evidence of the etchant may undergo stable subcritical crack growth
crack bridging phenomenon. However, microcracking before reaching the critical size ai which the crack
was observed not only directly beneath the indent, but propagates to failure." This growth will lead to an
also approximately evenly distributed throughout the underestimation of toughness by FSA techniques
whole specimen. The toughening mechanism is at- [Eq. (8)], since the flaws we observed are those en-
tributed to this microcracking. Since microcracking can
occur from drying in a vacuum and from electron beam
heating,' a polished sample from the same batch was
examined in the SEM and was observed to have
no microcracks due to drying or electron beam heat-
ing. Traditionally, the word "microcracking" was used
in polycrystalline ceramics such as lead titanate or
partially stabilized zirconia, which showed cracks ap-
proximately the size of the grains. However, the micro-
cracking observed in these MDF cements is quite
extensive, i.e., of the order of 10-20 Mm. We expect
that microcracking forms a zone around the crack tip
and reduces the near tip stresses.

C. Effect of crack decoration on fracture

Two solutions (ink and acid) were applied to deter-
mine if any enhanced visualization could be achieved 1 t--00 X 16 007,

'.'0

FIG. 8. Fracture surface of samples for which a liquid was placed
FIG. 7. Fracture surface of MDF cement shows evidence of at the indent; (above): nitric acid-alcohol solution. (belowl: ink-
miefocracking. alcohol solution.

J Mater Res.. Vol. 5. No. 8, Aug 1990 7'9



Y-S. Chat& J. J. Mscholgky Jr.. and M. Sfbbs. Fraicm u tosrm of mwo-duict-frm cwnim

* hanced by etchant. However, the data calculated by the 'D. D. Higgins and J. E. Bailey. J. Maier. Sci. Ii. 1995 (1976).
indentation-strength and FSA methods turned out to ']. D. Birchall. A. J. hioward, and K. Kendall. Nature M,9 388
be in good agreement, which implies that the residual (198l).

'D. M. Roy and G. R. Gouda. (Cement and Concrete Research S.
stress contribution is rather small comparcd with the 153 (1975).
applied stress. Whether this low residual stress is due to 6K. Kendall. A. J. I oward, aned J. D. Birchall. Philos. Trans. R.
the relaxation process of the polymer or to the reaction Sac. L~ondean A310. 13Y (199i3).

of the etchant needs further investigation. 1N. B. Eden and J. L:. l1filcy. J. Maier. Sci. 10. 1501 (19841.
'N. McN. Alford and J. 1). Birchall. in Very High Strength Ceente~-
Based Mdaterials (P1ruc. hiater. Res. Soc. Syrnp.p, edited by J. F.

V. CONCLUSION Young (Materials Research Society. Pittsburgh. PA). Vol. 42.
pp. 265-27(1.

The indentation-strength technique and fracture IJ. J. Beaudomn. C'ement and Concrete Research 13. 81 (1983).
surface analysis were found applicable co M DF cements '"1. J. Beaudoien. Cement and Concrete Research 12. 289 (1982).
for measuring fracture toughness. By using both optical "J. H. Brown and C. D. Pomeroy, Cement and Concrege Research

3. 475 (1973).and electron microscopes, fractography becomes a pow- 'P. Rossi. C. Boulay. P. Acker, and Y. Malier. in Cement-Based
erful tool to estimate the toughness. Therefore we sug- Composites Strain-Rate Effects on Fracture i Proc. Mater. Res. Soc.
gest that small crack techniques are applicable for the SympL). edited by S. Mindess and S. P. Shah (Materials Research
measurement of crack growth resistance in cementi- Society, Pittsburgh, PA, 1986). Vol. 64, pp. 39-46.

tious materials as long as the crack size is larger than a "K. D. Bladie and P. L. Pratt, ibid., pp. 47-61.
charcteisti dienson o th micostuctre. ~cuve N. B. Eden and J. E. Bailey. J. Mater. Sci. 19. 2677 (1984).charcteistc dmenson f te mcrotrucure R-u .rve Y. Mai. B. Barakat. B. Cotterell. and M. Swain. Proc. Advanced

(crack-growth-resistance dependence on crack size) M~aterials. Materials, Rew.arch Society, Tokyo. Japan. 13 (1988).
behavior was observed and the apparent (ultimate) 'P. Chantikul. G. R. Aiisis, B. R. Lawn, and D. B.Marshall, ibid.
toughness was about 1.25 MPa m' 2Microcracking 64. 539 (198 1)

was suggested as a possible toughening mechanism "R.W. Rice. in Fractugruiihy of Glasses and Ceramics. Adv. Ceram..

for this MDF cement. Current processing techniques edited by J. R. Varver and V. D. Frechette. 22. 3 -56 (1986).
limi th stdy f th frctue poces an togheing . Li, A. Ghosh. S. Kobayashi. and R.C. B~radt. J. Ant. Ceraim
limi th stdy f th frctue poces an ouheSoc . 72, 9XJ (1989).

mechanisms. "P. N. Randall. in Platte Strain Toughness Testing of High Strength
Metallic Matertuls; edited by W. F. Brown. Jr. and J. E. Srawley.
ASTM STP 410. 9114-it (120 6

ACKNOWLEDGMENTS -uD. B. Marshall, T. Noma. and A.G. Evans. J. Am. Ceram. Soc.

This work was supported by the Air Force Office 6S, c 175 - c176 (198 2).
of Sienifi Reearh uder ontactNo.AFO R.~ :'R. F. Cook aiid HI. R. Lawn, J. Am. Ceram. Sc. 6". c-200)-c-201
of SienificResarchundr Cotrat No AFSR-8- (983).

0184; technical monitor was Dr. Liselotte J. Schioler. :J.T Healey and J. J. Mccholsky. Scanning 4, 62 (1981).
The authors also wish to acknowledge the useful dis- :JJ.T. Healey and J. J. Mecholslty. in Fracwography of Ceramics anJ

cussions they have had with Dr. J. Adair and Ms. P. Metals Failures, edited by J. J. Mecholsky. Jr. and S. R. Powell. Jr.

H-eiland. ASTM STP 827. 157-181 (1984).
:'R. F. Cook. J1. Maier. Res. 2. 345 (1987).
2'R.W. Rice. S.W. Freiman. and J.2J. Mechoisky. Jr.. J. Am. Ceram

REFERENCES Soc. 63. 129 (1980).
'hS. P. Shah and F. J. McGarry, J. of the Engineering Mechanics

'S. Diamond. in Very High Strength Cement-Bated M4atertals (Proc. Division. Proc. of the American Society of Civil Engineers (Dec.
Mdate,. R. Soc. Symp.), edited byiJ. F. Young t Materials Research 1971), pp. 1663-1676.
Society. Pittsburgh. PA), Vol. 42. pp. 233-243 "R. F. Cook and D. R. Clarke. Acta Metall. 36. 555 (1988).

'N. McN. Alford, G.W. Groves, and D D DouNte C~ement and 3L. Struble. P. Stutzman. and E. R. Fuller. Jr.. J_ Am. Ceram. Soc.
Concrete Research 112. 349 (1982). 72, 2295 (191 9).

1760 1 M~aier Res. Vol 5. No. 6. Aug 1990



25

APPENDIX II
Y.S. Chou, J.J. Mecholsky, Jr., M.R. Silsbee, D.M. Roy, J.H. Adair, and P.M. Heiland,

"Indentation Fracture of Macro-Defect-Free (MDF) Cements" MaLRes.Soc.Symp. 179,
123-128 (1991)



INI)ENTATION FRACIIJRE 01, NI AC RO.i) FE(71'.FREE (NII)F) CENMENi1S

YEr-ONG-SIIYUNCP CI IOU. J. J. NIECIIQLSKY. R.. NI. R. SILSBEE. D.M. ROY. j. 11.
AD)AIR. AND P. I IEILAND
I le l'cnnsvivania State U~niversity. University Park. PA 16802

ABISTRAC:T

I tic fracture toughness of KiUF (miacro-dc fect-frccl cemnent -'Ilh different polymecr

contents Iia been investigated by the indcutation-strenigrh Method and fricture surface

Inlyt. %%a% found that the fricture toitghtflss outalned 11V these two drlf(crent

Iinclumiiu.¶showed good agreement fur thc low (wt.% JpolyiiIcr ccinenfi. I'lie ultiiiiatC

talipmint totigihnesscs are 1.3 MlI' rn''2 for low polymecr content and 2.2 NIPa nil', for hicli

09t wl.i-ý polymer contenit CerniCt. Different tic'rocrictking ana sponlge like

microsuructurcs have been observed and discussed.

INTRODUCTION

Ioughness is a meas.ure of thc resistance to rapid crack growth ~and can be mncisurcei

by either tic critical stress Intensity fictor. K,,, fracture cnergy. 1ce. or critical strain cnicrev

icleaise rate. G. (Ge = 2y*.Ilt csc properties can be shown to be inicriclaited. Tme

Iclasoteuent of tougitness In cements. concerte, mnd othecr cheicalcily bonded ccrasnics

i(IIC, betiencdiscussedetenscitivcylyt t iiintehitcrature. Muich discu.ston in theliterature

invotvc% itie effect of crack size on 'thc measuiremecnt of toughness anll the niechanisins

1C.0mgt l, 11115 p'lc1101nncnO1. Jf thiere is a mechanismi by which tWe valuic of the toughlness

ii1crCascs with crack w1.e. thenl this dtc~s not tiecessarly invalidate a particular text but

r~riticr tiirrcatics a multi-vatlued pirope-.ty I ltese hit ter materials have biccn tcniscd "R -cur%,c

uatrimictias. %here the 'R- stands for resistatice. Nfosc tinvesugabors iitcct cmnuitiousnateriatl%

have i it es.inntiecd the mnicrostnicture alotng withi their rnecetimical propierty measuremienut

in order to trv rind understand the behavior.

Suciteth ialone will 11ot pinvide: sufficient infonination to dctenmitic mecchanical

lhcluavmr. Since streneiglt is depenidenit oil crack size. it can vary with 1thc handling

ptmwe(ilite. fiitisliing procedure, or with randomn processting flaw%. Various strenCLth tests are

tintie ctit encctiis literature. I hiese include Itcthe iciametr compresstoi test.t 2t thec flexural

bean.~' andthetensle peciiie. i' In ost of tltes tests. the crack or flaw size at the

fracrurc ortuirn is utotconitrolled or measured. Thtus. fie reults Of thICSC tests are subjected

to statisical scatter, due to the distiihution of crack sizes. Ini this paper we determnine die

.appihtcabtlity of the controlled (indentation) flaw test for MDF cements so that different

processing conditions can be compared for the same indentation conditions.%

Mat. A#$. Soc. SYMP. PFOC. Vol. i79. - 1991 MAterieis 119..aeCr SocietY

10: an0aN t 0%,d
Mble61 U9UaMb 3,
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EXPERIMENTAL

Two batches of MDF cement were prepared by shear mixing, followed by extrusion.

Their compositions are listed in Table I. After extrusion, the plates were cured at 60'C i• a

humid (R.1 1. = 90%) atmosphere for one week. The plate was then placed at ambient

temperature and atmospheric coidition for another 3 weeks and then cut into rectangular

hcams tapproxinately 5 x 3 x 40mm i. To remove existmng surface flaws or stress

concentratiolfs at cortners. all beamns were carefully ground and polished withl I ti•i aiuiiiia

powder. hiev were tlien coaled with gold amd indcnictd by a Vickers dialniontd. using Iiooad

l'in I Kg to 15 Kg and broken in 3 -p fleaxtire (outer span = 25.41 riei 1. The cross head

slpced was 2.54 nam/lum. After fracture. Smnples were Inmediatcly coaled witih gold to

prevent possinle hydration and analyzed with optical and eleciron microscopes. Fracture

'muriaces were examined on optical atid electron microscopes.

INDENTATION AND FRACTURE SURFACE ANAI.YSIS TECIINIQUF.S

There are two popular methods used to obtain fracture ioughness using indentation:

( the thrct: crack measuremen t'51 and (2) the strength itcilhndI.1I The fornier rivolves

indentaiion aliu ineasurcinent of tihc crack stlrfa:ce trace Iclgihi. lhiinicaiurentent oroviths

. quick estimation of the resistance to fracture. but the crack propagation process is not

,•sustdcrcd. snce the itouginess ss ei)imaied from the length of tlie arrestied crack. This

suggests that perhaps the arrested indented cracks should be associated with tile stress

tiensily for crack arrest. K,0. rather titan K,,, the critical stress intensity for catastrophic

failure, while the latter involves indentation and breaking by flexurc and results in a

mcasurement of K. The indentation strength techniqtie is hased on the same general

ailysis as tile crack indentation iechntiqtie: however. the crack size can be eliminated froin

the equation so that only indent load. strength. elastic modulus E. and hardness. i1. need to

tic known to determine the toughness of the material. The equation developed by Anstis

ct al.16t is:

K, = 0.59 (Fil-)IA (o p10)"1, (I)

This equation involves a correlation factor (0.59) which is obtained experimentally

front traditional ceramics and may not be valid for MDF cements. Fractography is another

technique for evaluating fracture toughness. Once we locate and measure the flaws on the

fracture surface, we can determine fracture toughness by using the principles of fracture

surface analysis:t' 1t

K = 1.65a(c)"' (2)

" 16t i Ii I od 10M
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where c ( a bi'12 afid a is tile crack depth and 2b is tile crack width. Thec constant accoulits

for thle sh~ape and location of tile crack an thc surface with local residual stress due to

indentation.

TAB3LE 1. Composition of MDF cements.

I A Bi

ccnieiit OPC lPyran~emlt
Cemnent (wt.%) 83 78,5
Water 14 13
Glvcerin 0 0.5

Particle Size tpril 120 6

'Nniethat tlePyranicnt cemetitcontalins about 50% alkafiacivawed ordinarfy ponlanld

i li caso rctr ogues s a fntoofidtladfor thecse two blatclics

,ifMDFLCHC11q. re how it Fiure1.We tbsrve tit the resistance to fracture

I increases- with increasting crack size. Thus, it can be ititerpreied in two wvays. Either tile

eipi1itiol does not apply to these matcrial% or there is anl "R-curvc beihavior for QPCs. lIn

older to determinen which of these is the case, we cxatminedltthe fracture surface of these

* Teicimeuls. anid as call be secen in tile Figure, tile values calculated using this technique

Ii fractogrnphy Eq. (2)) and tile streatgth-indcntcatioai techiniclue Eq. MI ) coincide well for

* hatch-A Whilidl coMtains less poIylymer titan hatch-Il. Althotigh this is not a true proof of the

ahidity of the two technticitics. it certainily indicates that thle totignness dtie, change with

crick SIMe since the latter teclititiquc mecasures thle crack size anu calculates tile toughness

tised oil this mieasurement and strength. To test tile apphicability of thle indeticlta ioll-

strengthi iethod to MDP cements, one can also plot strength versus indent load in

logaittihuiic coordination (not shown here). At loads above 75 N. batch-A showed

* ipalproxiuiiitely a straight line with slope = -1/3, inidicating a valid test. t(" while for batch-li.

the straight litie was not observed. flie reason for this is unclear. Thie thickness of our

specminins is about 3 min too thin to tolerate indent loads above 150 N; thicker samples are

I uteedcd for further investigation. I'li uhtintate toughness for batch-A wats taken as tile value

,it tile platealu region to be 1.3 MPa tn'" atid 2.2 MIPa mu2 for batch-B.

~1 V ne.,
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FIGURE I. rracture toughness of MDF cements showed an increase with increasingindent loads.

It was also observed that the fracture toughness of batch-Il is higher than that of

iwich-A. I Iic former contained 8 wt.% of poliymner. wille the latter contained 3 wt.%. hIls

hikcly iltat the toughrness incrcases with tlhe increase of polymer content neglecting that

iiicse two baiclhes of NIDF cements have a different cement-to.-water ratio and composition

of cement vAhich certainly affects the mechanical propenies.19l Despite the difference in

ratio and compositton of cement, we found their nmcrostructures were also different. The

ýow-poiymcr content ccment showed a microcracking fracturc surface, while the high-

poilymer content cement showed a sponge-like microsricture. as seen in Figture 2. The

formation of microcracking in many ceramics has been attributed to the thermal expansion

mismatch and leads in a toughening effect. We suspect that microcracking is tile

ioughening inechzsnlsmn for low-polymer content cements. Further investigation is needted

to clarify tile onsct of iiiicrocracking prior to loading. While in high-polynser content

Lement. the fracture surface showed less microcracking in the sponge-like microstructure.

lhe pores are homogeneous and very fine iabout I Itn). We expected that those

sponge-like structures contain a large amotint of polymer. Upon loading, they work like a

crack-arrester and are easily deformed. This leads to a higher toughening effect than that of

microcracking.

f.~p~~'t~bi bV~t~lo Wq
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CONCLUSION

the indcntalion-slrength technique and fractuic surface analysis were found

applicable to MDF cements (or measunng fracture toughness. Therefore. we suggest that

<rnall crack techniques are applicable for the nmeasurement of crack growth resistanlce in

ccrilenti1ious matcrials. as long as the crack size is larger thtan a chlaracteristic dimension tr

the microst'ucture. Different microstructures have been observed. Their effects on

!toughening have been discussed.1*

I.N
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ALKOXIDE DERIVED CALCIUM

SILICATE CHEMICALLY BONDED CERAMICS

T.NAGIRA.S.A.WARNER.J.J.MECHOLSKY AND J.H.ADAIR
Materials Research Laboratory. The Pennsylvania State University

University Park. PA 16802. U.S.A.

ABSTRACT

Metalorganic aecomposlition(MD)is used to obtain fine powers

at low temperature for advanced and electronic ceramics. In the

present research. powders '- CaO-SIO 2 system are synthesized

by MOD. Physical c'ope-t'es and hydration reactivity of the

Powders are discussea '- terms of C/S ratio ao calcination

temperature. Dense cme-caly bonded ceramics are formea with
the powders.

INTRODUCTION

In the past decade. significant advances in flexure strength

of cements have been made by eliminating large pores in the

structure (1-41. -me m';g strength cements. known as macro
defect-free cements(MDF cements), are produced by high shear

mixing of cement Powder with polymer additions at low water to

solid ratios to increase flexure strength from 5MPa for

conventional cements to 15OMPa. This value is comparable to

those of sintered ceramics. Therefore. MOF cements are a kind of

ceramics formed by hydration (chemical bond). Generally, dense

and high strength ceramics formed by chemical bonds are defined

as chemically bondea ceramics (C3C).
But MDF cements to wmich conventionally produceo cement

powders were used still nciuded residual pores in aiameter up to
15um in hydrated bodies. Bircmal 1 et. a'. explained the strengtr

of cement-based materials oy Griffith theory in which the tensile

or bending strength cý brittle materials is inversely
proportional to critica flaw size[i I. Accoroing to fracture

mechanics theory, it is ;cssitie to achieve larger strength than

that of MOF cements by eiiminating several to 15um pores usin;
fine cement particies such as suomicron size for better

compaction in green bodies.
Fine powder syntheses Dy chemicai Processes which lead.to

lower temperature crystallization and denser structure of

ceramics than conventional methods have been increasingly applied
to electronic and acvanced ce-amics[51. However. there are few
reports which descr'te co.e *cw-te-pe-ature syntheses of cement

compounds 16j. The cocess c ic -e3uce hn calcination

temperature in corve-t':-'a ce-e't manufactur'n; process anc

produce fine ceme-t O:wOe-.

Therefore. tr,s -eseac, "::z.sec c,

1)Preparation of hyc'a, ,: :aci.u s ýicate by cherical Process

such as metalorga-,c (e:M:-:D'z (DC':.
M)ProIucint cements on ' Mats. 

1
oce s o-ectr.

MRS Int'l. Mtg. on Adiv Mats. Vol. 13 ý:1989 Matenains Research Society.
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MATERIALS AND METHODS

Powder Preparation

Calcium silicate powders are synthesized by MOD method. Ca-
ethoxide was prepared by refluxing ethanol with Ca metal.
Tetramethyloxys, lane(TMOS) was used to provide the source of
silicon.

TMOS was di luted in ethanol and refluxed for an hour. Ca
metal was added to the soiution fol lowed by 4 hours refluxing.
Since sma II amounts of Ca metal remained unreacted after
refluxing. they were removeo by centrifugation to obtain
homogeneous sc jtio~s. -alf of tne stoichiometric amount of
deionizea (0.I.; water for nyaroaysis of Ca ethoxiae and TMOS was
mixed with the aitoxide solution followee by vigorous stirring
for 18 hours. 7ren, thirty times the stoichiometric amount of
ammonianized 0.4. water (pH 10) was added to the partially
hydrolyzed alkoxide solution with reflux,ng for 24 hours to
obtain precipitations. All of the processes descrioed above were
performed under a nitrogen atmosphere.

Precipitations were washed with ethanol and dried at 800 C
F under vacuum. Dried powers were heat treated at 5500 C. 7000C

and 800 0 C for an hour.

SPowder Characterization

CaO/SOO2 (C/S) mole ratio was analyzed by x-ray fluorescence
(XRF). Thermal gravimetric analysis (TGA) was performed up to
I0500 C to measure weight loss. '.rface area and particle size
distribution were measured by BET etmod and a 1 ight scattering
method, respectively. Microstructures of powders were observed
by scanning electron microscope (SEM). X-ray diffractometry was
used tc characterize crystal line Phases. The heat of hydration
of the powders was measured by calorimetry.

Preparation of pellets

Calcined powders with C'S ratio eQual to 2.0 were uniaxial ly
pressed at 345MPa into disks 1.8cm in aiameter. 0.3g of powder
was used for each oellet.

Pellets we-e olacec i Ca(OH), saturated water at 6 0 0C and
cured up to 15 days. A'te- scecif'c curinc times. pel lets were
dried at R.T. uO-r vacu.,- for 5 ý,o.rs anO analyzed by XRD and

SEM to follow hyd-atiOr 0cc:ess.

RESUrTS CADc:e,,Dc

Powder Clharacte--:atl:-
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Fig. 1 summarizes the results of the XRD analysis for
powders prepared by MOD(MOD powder) calcined at various
temperatures. Calcium silicate crystalline Phases obtained at
C/S ratio more than 2.0 were B-C 2 S and a'-C2 S. They were
crystallized at 600°C and a'-C2 S disappeared at 800°C. Excess
calcium over C/S ratio of 2.0 was separated as hydroxide.
carbonate or oxide depending on calcination temperature. On the
other hand. only B-C2 S was crystal 1 ized around 600 0 C at C/S ratio
equal or less than 2.0. No other calcium compound was detected
for these conditions.

Fig.2 shows XRO Patterns of MOD powders with C/S ratio of
2.0(a) and 2.8(b) calcined at various temperatures. At C/S ratio
of 2.0(a). a smal l peak of S-C 2 S appeared around 32.Z° at 600 0 C
and 6-C2 S was crystallized well at 700 0 C. No crystal line phase
was detected except for S-C 2 S. At C/S ratio of 2.8(b), a Peak of
a'-CS was also seen around 33.40 which disappeared at 800 0 C
whi fe 6-CS increased crystal 1 inity with the increase of
caicination temperature. At the later C/S ratio. Ca(OH), was
crystal 1 izea at 80°C. was converted to CaCO 3 at 550 and to CaO at
700 0 C.

Fig.3 shows the TGA results for as-dried (80 0 C) MOD powders.
The heating rate was 100 C/min. Four different weight loss regions
were found in the curves. The first one is from R.T. to 200 0 C
which is derived from vaporization of water and organic. The

second one occurred around 4000 C. Decomposition of organic
probably contributes to this loss. The third one between 550 and
7000 C is the largest. Considering the decomposition temperature
of Ca(OH) 2 (i.e.. 580'C). it is probable that third loss is caused
by evolution of structural water. T7he last loss which begins at
7501C probably derives from the decomposition of CaCO3. Small
third and fourth losses for the lowest C/S ratio of 1.7 compared
to those for other ratios can be related to the fact that neither
Ca(OH) 2 or CaCO 3 was detected by XRD. The CaCO, contents based on
the results in Fig.3 were less than 1 weight t for C/S ratio of
1.7 and about 3 weight I for C/S ratio of 2.2. 2.8 and 3.1.

The MOD powders showed the surface areas of 50 to lOOm2 /g
even after the 700 0 C calcination. On the other hand, mean
particle sizes of MOD powoers were in the range of S to 20um.
The values measured by light scattering are much larger than
those expected from surface areas measured by SET. Therefore.
the particles detected by light scattering are agglomerates
composed of submicron particles, however. specific relationship
was not found between C/S ratio and surface area or particle
size.

SEM pictures in Fig.4 show the nature of the agglomerate.
The powder shown here was calcined at 600 0 C with C/S ratio of
2.0. At low magnification (a), a wide distrioutior of particle
size was ooservec uo to lOum. At high maonification(b).
agglomeration of particles in diameter below O.1wrr %as seen.
This porous StruCt.-. e causes high suriace a-ea.

Hvdration of "" :.els
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Fig. 1. XRD results of MOD* powders calcined at
various temperatures.
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Fig. 2. XRD patterns of MOD powders with C,'S

ratio of 2.0 calcined at various temperatures.
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Fig. 3. TGA results of as-dried (800C) MOD powders

with various CS ratios.
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Fig. 4. Scanning electron mierographl of MOO powder calcined at 6000C

with CIS ratio of 2.0
(a); Irv low magnification. (0). in high magnification.
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The calorimetry results for MOD powders are listed in Table

I. Two peaks were observed in the diagrams of rate of heat

evolution versus hydration time similar to C3 S[7.8). The first
one appeared a minute after the beginning of hydration and the

second 5 to 44 hours later depending on C/S ratio and calcination

temperature. The higher the C/S ratio and calcination

temperature. the earlier the second peak appeared. As powder

with higher C/S ratio contains more CaO. higher CaO content seems
to affect earlier hydration. The effect of calcination

temperature on delaying second Peak is Quite large at 700
0

C.

Based on the XRO results summarized in Fig. 1. the development of

crysta l ine phase (8-C 2 S) probably contributes to delay of the

second peak.
The heat rate of the first peak increased with increasing

C/S ratio. The heat rate of the second peaK is more dependent on

calcination temperature than C/S ratios. Significant decrease of

the heat rate at 700
0

C can be related to both the presence of 5-

C2 S and decreased surface area. The values at 550 or 600
0

C (5-6

cal/g'h) are in the same range as those of C3 S (3-6 cal/g'h).

but even larger than those of S-C2S (0.5-1 cal/g'h) [9.10)." ' Fig. S shows the hydration of. pellets formed with MOD

powders calcined at 700
0

C. At C/S ratio above 2.0. both CSH and
"Ca(OH)2 were detected as hydrates while, below or equal to 2.0.
only CSH was present. :ncrease in the XRD Peaks for Ca(OH) 2 was
also observed with increased C/S ratio. 6-C 2 S still existed at

lower C/S ratios after two days of hydration. The results for MOD

powders calcined at 550 and 600
0

C. which are not shown here.
indicate the same pattern as in Fig. 4 except that 6-C 2 S did not

exist even after two days hydration. Thus. it is established by

these results that MOD powders hous high reactivity with water

and those containtnt CaO or amorphous phase complete hydration

earlier.
Fig. 6 shows SEM pictures cf the fractured surface of a

pellet which was formed with MOD powder calcined at 600
0 C with

C/S ratio of 2.0 and cured for two days, It shows dense
structures with infreouent pores in the micron size at low

magnification (a). At high magnification (b). a pore of lum size

is seen but it is surrounded by well densified structures which

are much different i'or the porous structu-es of the unhydratea
powder in Fig. 4 (b,.

CONCLUSION

Powders in CaO-S'C 2 system with very high surface areas

greater than 50m~ig even after 700
0

C calcination were synthesized

by MOD. o'-C 2 S and 8-CS were crystal lizeo anen C/S is greater

than 2.0. but only 6-C,, Pren C'S ratio is equal to or less than

2.0 as for calcium s' I 1cate crate. t:. cr)stal line calciur

silicate was observec oelo. 55)CZ. }D ¢O.dert. escecial *'y those

containing an amorphous c-ase. -'3-E- P:" t with %ate,.

Dense CBC's were forreo C., unia. icly V-essing fOD powGerS and

hydrating them at 60
0

C.
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Table 1. Heat evolution of MOO powders mixed with
water at water to solid weight ratio of 1.

Sample Time of Heat Rate of Time of Heat Rate of
1st Peak 1st Peak 2nd Peak 2nd Peak

(rain.) (cai/g. h) (h) (cal/g. h)

C/S=2.0
5W C 1 130 14 6.0
600 °C 1 170 17 5.7
700 t 1 200 44 1.1

C/S=2.4
551=2 1 600 10 4.3600W 1 350 8 5.6
700C 1 260 20 1.5

C/S=3.1
W oc 1 1000 5 5.1

600t 1 970 7 3.3
700 t 1 1200 11 0.9

3.5

0 a 0 O aO0t- 3.0
a 0 10 a0

-j 2.5
0 Sao m o am0

S2.0 e a U
0 Sme a

o 1.5

1.0
2 7 15

HYDRATION TIME (DAYS)

Fig. 5. Hydration of pellets formed with MOD
powders calcined at 6000C.
a CSH o CafOH12 * 0-C2S
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(a) (b)

Fig. 6. Scanning electron micrographs of fractured surfaces of a pellet
formed with MOD powder and hydrated for 48 hours. The calcination
temperature and C/S ratio of the powder are 6000C and 2.0, respectively.
(a); In low magnification. (b); In high magnification.
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Abstract

This thesis demonstrates processing and properties of chemically derived calcium

silicate cements. Chemical synthesis and processing methods offer the opportunity to

improve the strength of cement. Chemically derived calcium silicate was synthesized from

metal organic decomposition and hydrothermal methods. The chemically derived fine

particles are then used to produce cements by uniaxial pressing, extrusion or isostatic

pressing. These cements can potentially have critical flaws less than 10 microns as

opposed to critical flaw sizes greater than 100 microns in conventional cement.

An iterative approach was established to determine the relationship among processing

conditions, microstructure, and z.-c.hanical properties to produce higher strength cement.

Most studies on cements have focused on either processing or mechanical properties. In

this thesis the cements were synthesized and processed using chemical techniques.

Mecharacal properties and origin of critical flaws were determined, and subsequent

processing iterations were designed to eliminate flaws. Much progress was made towards

this goal, but optimum bend strengths were not achieved. Further iterations must be made

in order to increase the strength of the cement.
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HYDROTHERMAL PRECIPITATION OF CALCIUM SILICATES

Hydrothermal reactions are generally carried out in stainless steel or teflon lined pressure

vessels at elevated temperatures. The quantity of water used in these vessels is always such that

both liquid and vapor phases are present for synthesis of calcium silicates above 100°C up to the

critical point of water, 374'C. The solubilities of both lime and silica are small such that the

pressure developed is practically equal to the saturated vapor pressure of steam at the operating
temperature. CaO is prepared by heating analytical grade CaCO31 at 1000*C for 16 hours. High

purity quartz2 (99.14% SiO2, 5 4m average particle size) is used as the silica source. The quartz

and CaO are added such that a ca/si ratio of 0.83 is achieved. Figure shows the flow chart for the

hydrothermal synthesis. All reactions were carried out at saturated steam pressure in a 23 ml safety

sealed steel vessel 3 with a teflon lining. After hydrothermal treatment, the reaction mixtures are
filtered and the solid which remains is generally washed with water and dried in a vacuum

dessicator.

Phase identification of the synthesized powders is performed on an automated X-ra%

powder diffractometer4. All scans are run from 4 to 56 degrees 20 at a rate of 2 degrees per

minute. Scanning electron microscopy 5 is used to determine the microstructure and morphology

of the powders.

I Fisher Scientific. Fair Lawn. NJ.
2 Minsul Quartz. Berkley Spring. WV
3 Parr Bomb 276AC. Parr Instrument Company. Ntoline. IL.
4 Scintag PAD V, Santa Clara. 1..
5 International Scientific Instruments dISI) DS-130. Milptas. CA.



Iha--nu
to 1000OC for 5jn silica16 hours- CaO

lined Parr bomb

with 0a water

Adjust pH to 12.5
using NH 4 OH

Place in 150tcC oven
Saturated steam pressure

7 days

Remove liquids
Wash and Dry

Powders

Characterize
Dried powders

Figure . Schematic chart illustrating the processing, steps involved in the hydrothcrnami
synthesis of calcium silicate powders.



STRUCTURE AND MORPHOLOGY

There are many calcium silicate phases which may result from hydrothermal treatment of

lime and silica[]. The two phases closest to tobermorite in the same Ca:Si and temperature ranges

are gyrolite and xonotlite.

Gyrolite (Ca4)(Si 6O15)(OH) 2.3H20 can be distinguished from tobermorite and xonotlite

from the 22 A d-spacing. The gyrolite group is comprised of compounds forming hexagonal or

pseudohexagonal crystals with a (0001) cleavage similar to mica and an a-axis of 9.7 A. Gyrolite is
easily synthesized within temperatures of 120-240'C [].

Xonotlite (Ca6)(Si 6O17)(OH)2 also occurs as a natural mineral. Xonotlite has a lime-silica-
water ratio of 3:3:1. Xonotlite is formed reproducibly when any sufficiently reactive starting

material of 1:1 Ca/Si is treated hydrothermally at 150-400 0 C under saturated steam pressure

conditions. Its formation from lime-silica mixtures proceeds through intermediate stages of C-S-H

and tobermorite. Xonotlite forms prismatic crystals or fibrous aggregates with elongation parallel

to the b-axis. The crystal structure was determined by Mamedov and Belov [] who found that

double drierketten (metasilicate chains) of empirical formula (Si 60 17)12- were present together with

Ca2l and OH- ions.
Tobermorite as a family of phases has characteristic basal spacing of 9.3. 11.3 and 14.0 A

as determined by x-ray diffraction. These basal reflections represent the thickness of the

elementary layers. The I1I A variety has a Ca/Si ratio of 0.83 and can be easily synthesized below
1401C. The 11 A variety of tobermorite can be described as normal if the basal spacing decreases

to 10 A or less on heating at 300 0C or anomalous if the spacing does not decrease below I1 A
under the same conditions. According to Megaw and Kelsey[] the crystal structure of I I

tobermorite contains two identical complex layers which are parallel to the (001) direction and
which fit together with a center of symmetry. Each layer has two central sheets of composition

4CaO. These are arranged so that each calcium has four oxygen neighbors in its own sheet and
two in the sheet at the next level. Each pair of adjacent oxygens forms an edge of a tetrahedron

containing silica. These tetrahedras are joined into chains that are parallel to the b-axis. This

structure can either be plate-like or fibrous. Figure shows the scanning electron micrographs of

the hydrothermally derived tobermorite and xonotlite particles. Notice the mixed fibrous and plate-

like morphology of tobermorite.



Figure Scanning electron micrographs of hydrothenmally derived calcium silcates:
A) Tobermorite, exhibiting mixed plate-lie and fibrous morphology, and
B) Xonotlite, with fully fibrous morphology.



MODELLING OF GROWTH HABITS

The computer simulation of crystal growth habits has been carried out using the SHAPE®

program. To draw an individual crystal using this program, it is necessary to enter the crystal

class, the point group, the corresponding unit cell parameters, and the indices and central distance

for one face of each form. From the crystal class and point group, the program determines what

symmetry operators to use in the calculations, and generates all the faces belonging to each form.

The central distance is the perpendicular distance from the center of the crystal to the faces of the

corresponding form. The greater the distance, the less prominent the form (the smaller the area of

the faces of that form in the final shape). The following crystallographic data has been used to

generate the single crystal shapes of calcium silicates[].

Crystal Lattice: Orthorhombic

Lattice Parameters (nm): a = 0.564. b = 0.368, c = 2.26

Point Group: 222

The crystallographic forms specified for the individual shapes are listed in Table 1.

Table 1. Crystal forms and corresponding central distances used to generate

individual single crystal shapes of calcium silicates.

For plate-like structure: For fibrous structure:

FORMS INDICES CENTRAL DISTANCE CENTRAL DISTANCE

1 1-1 1 1.00 1.00

2 1 1 1 1.00 1.00

3 1 10 0.10 1.00

4 0 21 1.00 1.00

5 1-20 1.00 1.00

6 1 01 100 1.00

7 0 10 100 0.10

The resulting shapes for N,tii ,,'nemes are illustrated in Figure . Crystal growth habit on

the (110) prism planes leads to j t:'rou,, structure of the particles with very large aspect ratios.

whereas the growth habit on the I l .i'al planes results in a plate-like structure of the particles.



too

A {110}

{1001

Figure Simulated single crystal shapes of calcium silicates generated by SHAPE®.
A) Crystal growth habit on ( 110) prism planes leading to a fibrous morphology, andB) Crystal growth habit on f 1001 basal planes leading to a plate-like morphology.
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Abstract

;,s nhes-s 'nvestigates the propert~es of toberrnor;týe, a form

calc-,;n s~licate hydrate *,hat compr~ses *the binding f'bers in nor-ra

Port'and cemen-,.. The propert-:es S:udied wereý the ze~a potent a,

and !soeilec:r'c poln: of tobermorite !n various concentrations of'

CaCl-, :he rnobý>:'v. of tobermor::e :n these solutions, and the

amount. :f :3.0-~ur and carbona:e 'berat~ed for pH va~lues between

an d I13.

The zeta poten".,ai was founa to become more negative for

sampes.- .n CaO>-, so'utions t-han in 5ampies prepared ':n deionized
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mneasu.-ernen:s wvere taken for p~va ues bet-.. een 7 ana 13)
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I -1CCaverage zeta Dootenta'
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7h.s behav/or s at.*ribu,.ed t.o --he specf'fc .3dsor~ton--o, of Ca-~

ýons ?, -; utýon.
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nvest'gated 35 3 ý'-z-on of pH. 7he ca~cium c~ncenvzi*,on was
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Abstract

An unconventional method for processing calcium silicate cement is described. Gel

casting has been applied to other materials, such as alumina, but not to cements (1). Gel

casting uses a monomer solution which can be polymerized to form a strong, polymer-

solvent gel. The monomer solution provides a low viscosity vehicle for carrying the

ceramic powder and the crosslinked polymer gel provides a mechanism for permanently

immobilizing the ceramic slurry in the desired shape. Because the gelled vehicle contains

only 10-20 wt% polymer the solvent can be removed readily from the gelled part by a

relatively simple drying step. Also, because the polymer in the gel is crosslinked it cannot

migrate with thee solvent during drying. Gel casting is a complicated technique involving

several steps. The first step is to determine which monomer and initiator will be used for

polymerization. The second step is to mix the cement with the monomer and uniaxially

press the samples to give them shape. The samples were then isostatically pressed to

densify the sample. The cured samples were tested for mechanical properties and the

relationship between processing and properties was determined.

Introduction

Gel casting is a term refermng to any process for forming ceramic bodies based on

the in-situ polymerization of monofunctional and difunctional monomers in an aqueous

solution. One advantage of gel catsung in the case of hydraulic cement is that less water can

be used (<.20 wt%) when mixing the cement slurry. Another advantage is that slurries can



be formed using standard ceramic processing techniques. The difference between gel

castinLg and polymer impregnated concrete is that in the former case the monomer is mixed

with the cement before forming, not impregnated into the cement after it has been formed.

Forming techniques of gel cast materials include uniaxial or isostatic pressing, casting,

extrusion and injection molding (1).

Gel formation by in-situ polymerization has been applied to enhanced oil recovery

(1). In this method acrylamide monomer (H2C+CHCONH2 ), crosslinking monomer

(bisacrylamide), ammonium persulfate (NH)4S20 8) initiator and a potassium ferricyanide

(K3Fe(CN) 6) inhibitor are premixed above the surface and pumped down the oil well.

Pumping is easier due to the low viscosity of the monomer solution. This allows for more

control of the flow of fluids through the reservoir.

Materials and Methods

OPC as-received and hydrothermally prepared dehydrated calcium silicate

(tobermorite) were the two types of cement used for gel casting. The monomer used was

acrylamide (97%) from Aldrich. Two polymerization initiators were evaluated, ammonium

persulfate (NHI4 )ZS2 0 8 and potassium persulfate K2S20 8 , both from Polyscience. A

typical batch included 80 wt% cement. 13.95 wt% DI water, 6 wt% monomer. 0.05 wt%

initiator. Before the DI water could be used it was flushed with Argon for 12 hours in

order to remove any dissolved oxygen. The oxygen acts as an inhibitor to the

polymerization of acrylamide.

A premix solution of 70 wt% Ar-DI water and 30 wt% acrylamide monomer was

made first. This solution was stored under Ar and used over a period of 2 months. The

water to cement ratio needed for gel casting was 0.17 because there is no crosslinking

which can inhibit the cement particles from moving passed each other. To 40 grams of

cement, 10 grams of premix was added and 0.015 grams of initiator. This slurry was

either mixed by hand or with the shear mixer. The slurry was allowed to sit in Ar for 12



hours before pressing. To press, approximately 4 grams of slurry was used. The bars

were pressed at 120 MPa and cured at 600C for 7 days with water, without water. or with

Ca(OH) 2.

In preliminary experimenm, the results of the uniaxial pressing of the cement were

unsarisfactory because the microstructure of the samples were inhomogeneous due to

incomplete mixing of the mixture and the strength were low (50 MPa). Therefore, the next

step taken to reduce critical flaw size was isosmtic pressing. In isostatic compression the

specimen must be enclosed in a thin. impermeable membrane and compressed by a fluid.

True isostatic compression causes a decrease in volume but no shear or distortion.

The set up for isostatic pressing is quite simple. The samples and fluid are placed

in a steel cylinder with a sealed cap. A gauge is attached to the cap with capillary tubing in

order to monitor the pressure inside the vessel. Argone is pumped into the vessel up to a

maximum of 30,000 psi (207 MPa).

Before isostatic pressing the samples were uniaxially pressed to 2900 psi (20 MPa)

so that the samples would maintain their shape while being prepared for isostatic pressing.

Bars pressed with OPC had similar compositions to those used for uniaxial pressing. Bars

pressed with the chemically derived calcium silicate had the same cement:polymer:water

ratio as the OPC samples but the compositions of the cements were varied (Table 2).

Table 2 Sample composition and densities of isostatic pressed cement bars.

Sanple Composition'

A 'MY) TOB + 20% XON

B 401- rOB + 10% XON

C -•€ rB .*- 5%XON

D i(X)% TOB



ITOB = tobermorite, XON = xonotlite

Samples A, B, and C are called self similar composites. The name is given to

samples made with the same composition but different phase and structure. The two types

of morphology (platelike and fibrous) should enhance the strength of the final cement

product.

After the samples were uniaxially pressed to 20 MPa they were placed inside two

impermeable membranes. A vacuum was pulled (30 mm Hg) in order to remove the air

trapped in the membrane. The samples were then placed in the steel vessel and the air

pumped in so that a pressure of 29.9 ksi (206 MPa) was achieved. This pressure was held

for one minute then released. The samples were removed from the membranes and placed

in DI water in the 600C drying oven for 7 days.

Results and Discussion

There are many variables affecting the polymerization of a monomer during gel

casting. One factor is the type of initiator used for polymerization. A batch using identical

amounts of cement and premix was made using different types of initiator. An ammonium

persulfate solution containing 7 wt% initiator had a pH of 1.9, the same concentration

solution containing potassium persulfate had a pH of 4.5. Since the hydration of cement is

dependent on pH it was expected that the potassium persulfate would not inhibit the

hydration as much as the ammonium persulfate, and therefore, produce a higher strength

product. This turned out to be the case as shown in Table 2. However the difference is

negligible.

The strengths were determined using a rather new technique developed by Jack

Mecholsky and Y.S. Chou (3).



The OPC used for these experiments was not milled. Therefore, the strengths

achieved using gel casting could be much higher if the mean particle size was smaller than

11 Ing. In either case the strength achieved is higher than that for conventionally processed

cements.

Table 2: Strength as a function of initiator for gel cast OPC samples

Initiator Ave. Strength (MPa)

(NH 4 )2 52 0 8  54 ± 2

K2 S 2 0 8  56 ± 2

The mixing method also affected the final strength of the cement. Two identical

batches were made using potassium persulfate as initiator, one mixed by hand and one

using the shear mixer. As shown in Table 3 the shear mixed cement had a significantly

higher bend strength than that mixed by hand. This was also an expected result because

shear mixing produces a more homogeneous mixture, thus eliminating large flaws caused

by improper mixing.

Table 3: Strength vs. curing procedure for the gel cast bars.

Mixing Method Avg. Strength (MPa)

Hand 54 ± 4

Shear 70 ± 4

The gel cast OPC was cured under three conditions, in Ca(OH)2, water, and acetone.

It was expected that the Ca(OH)_, \ , ould keep the pH of the curing solution above 12 to aid

in hydration and that the acetone would shrink the polymer and densify the sample (2).



Table 4 gives a summary of the mechanical properties of OPC paste cured and

processed at different conditions. The samples cured in Ca(OH) 2 solution showed the

worst mechanical properties. The surfaces of these bars had long (>1000 pLm) cracks.

The flaw size was determined using Kc = 1.65ocU-2, to get an estimate of a lower bound.

These bars had different surface morphology than those cured in water. This implies that

either the infiltration of the Ca(OH) 2 is not complete or that the green structure after uniaxial

pressing has no connected pores. The later alternative, however, is unlikely.

The microstructure of the fracture surface of the samples shear mixed and cured in

water were all similar. Most of the cracks were less than 50 gpm in length (measured by

SEM). Strengths for these samples were as high as 59 MPa with a fracture toughness of

1.4 MPa mI/ 2. The microstructure of the bars cured in acetone also showed large cracks.

It was expected that the acetone would have a positive effect on the strength because

acetone shrinks and densifies the polymer. Apparently the polymer did shrink, leaving

very large pores thus decreasing the strength of the samples.

Table 4: Summary of mechanical properties of OPC paste.

Condition af(MPa) Kc(MPa mI/ 2) Flaw size (4.m)l

Ca(OH) 2  13 ± I >1000

21 ± 1 ------ >1000

Water 55 + 2 1.41 ± 0.2 387

59 + 2 1.43 ± 0.2 326

Acetone 19 ± 1 0.87 ± 0.1 770

26 ± 1 1.25 ± 0.2 849

SFlaw sizes were calculated



* toughness values were too low to be measured

Table 5 gives a summary of the mechanical properties of isostatically pressed samples

A-D, which contained varying amounts of tobermorite and xonotlite (See Table 2). The

samples were first uniaxially pressed in order to form the bars then isostatically pressed.

Table 5 shows the results from the density calculations after isostatic pressing and the %

density increase after isostatic pressing. These measurements were made to show that the

samples were densified during isostatic pressing. Following curing, the samples were tested

for strength by Chou (3). Samples A-D were all broken by 3-pt. flexure (span = 2.54 cm)

and indented at 10 kg.

Batch A could not be tested for indented strength because of the warping and long

cracks (10 mm in lengthwise direction). Batches B-D all showed warping with macropores

ranging from 0.1-1 mm in size. These flaw sizes were measured by Chou using the SEM.

These batches showed lenticular cracks. However, at high magnifications (IOOOX) the

microstructures of samples C and D appear dense.

The observance of the lenticular cracks could be due to a variety of different factors.

One reason is that there is too much polymer in the slurry. An overabundance of polymer

could cause rebounding of the sample after it is released from the uniaxial press. thus leading

to declamination which was a major source of critical flaw. The declamination of the sample

is also possibly due to the preferential aligning of the tobermorite and xonotlite fibers or

platelets. It was expected that the isostatic pressing would alleviate this problem but that is

not the case. A third possible reason for delamination and the lenticular cracks could be that

when the monomer starts to polymerize it pushes the cement particles apart or swelling of the

polymer during curing in the water could push the cement particles apart.

The indented strengths of samples A-D were not as high as those achieved by MDF or

DSP processing. This is due to the number and size of the flaws. The toughness, however.



is comparable to that of MDF or DSP cements. The lamination of the polymer in the

isostatically pressed cement samples could be the reason for high toughness results.

Summary and Conclusions

Gel casting can be applied to cement using acrylamide as the monomer and potassium

persulfate as the initiator. Acrylamide was chosen because polyacrylamide has been used

successfully for conventional cements.

The forming technique used to produce the gel cast cements was isostatic pressing due

to the higher pressures which could be achieved. Isostatic pressing also compacts the sample

in three dimensions as opposed to two dimensions in uniaxial pressing.

The OPC samples which had the highest strength and toughness were those that were

made using potassium persulfate. mixed with the Brabender (shear mixer) and cured in

water. The samples made with the hydrothermally synthesized calcium silicate did not have

high strength because of the lenticular cracks. These cracks are most probably caused by

uniaxial pressing. Therefore, another shaping method will need to be evaluated in order to

reduce the number and size of cracks in the final product.



Table 5: Summary of mechanical properties for samples A-D.

Sample Density (g/cm3) % increase1I a(MPa) KJ(MPa m1/2 )

A2  1.8 ± 0.1 35.4

B 1.8 ± 0.1 35.3 26 ± 2 1.20 ± 0.1

C 2.1 ±40.1 37.8 40 ±2 1.40±0.1

58 ± 2 1.43 ± 0.1

D 2.1 ± 0.1 35.2 33 ± 2 1.24 ± 0.1

I After isostatic pressing

2 Warping prevented measurements of strength and toughness
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ABSTRACT

The in-situ polymeization of mono-functional and poly-functional monomers in

aqueous solution is known as gel casting and is used to form ceramic bodies. In this

study the monomeracrylamide, and the crosslinking agent N,'N Methylene-bis-

acrylamide and the inorganic crosslinking agents (Na+ and Ca2 +) were used in

different concentrations and combinations to gel cast ground silica (quartz).

In the first part of the study the behavior of the polyacrylamide gel was

examined. The influence of different crosslinking agents on the gel were determined by

studying the following characteristics:

1. The heat production during the polymerzaton reaction was studied using

an isothermal calorimeter.

2. The molecular su'ucmre of the polyacrylamide gels was studied using a

Raman spectrometer.

3. The viscoelastic behavior of the polymer was studied through a series of

creep-relaxation experiments.

These experiments show that the concentration of Ca2 + and Na+ (pH of the

aqueous solution) influences the heat production and the molecular structure more than

the other tested variables. The heat production decreases when the pH increases. The

Raman spectra show that with increasing p., slight changes in the molecular structure

occur. These differences in molecular structure cause a different viscoelastic behavior

of the gels. Samples made with Na+ are more anelastic, because the deformation of the

formed chain entanglement in these samples is permanent. Because of their crosslinked

structure, samples made with Ca2 + reswre elastically to some extent after a stress has

been applied.

The second part of the study tests the usefulness of these gels in gel castinig

ground silica solids.
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Three aspects of the gel cast samples were studied: the tensile stength of the

samples, the peacent shrinkage after drying of the samples, and their micro-structures.

This study indicates crosslinking agents are useful to make three dimnsionaI

gels that can be used in gel cast systems to form brittle materials with a strength up to

6.46 MPa. Only a minor amount of crosslinking agent is needed, otherwise the gel

becomes overcrosslinked, which decreases its elasticity.
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ABSTRACT

The studies reported herein were designed to develop a
better understanding of the influence of different crosslinking
agents on the polymerization of acrylamide gel systems and upon
the resulting physical properties of the composites. Specimens
were developed via a gel-casting process for viscoelastic and
diametral tensile strength testing and the chemical reactions
were monitored by Raman spectroscopy and isothermal calorimetry.
The studies have demonstrated the ability to tailor the
properties of a gel-cast system over a relatively wide range of
reaction rates and the resulting mechanical properties by
utilizing small adjustments to the overall chemistry of the
system.

INTRODUCTION

Chemically bonded ceramics (CBC) are low-temperature
materials, whose strength approaches those of many traditional
high-temperature ceramics, and are a novel way of forming high
strength ceramic materials. These materials are formed by a
bonding that takes place via chemical reaction at low
temperature, as opposed to fusion or sintering at elevated
temperature. Gel-casting was chosen as the processing approach
for this study, as it is envisioned to have potential applicaticn
in cement solidification. In this process, the monomers and
crosslinking agents are separately added to the ceramic (or
cement) powder, mixed and the near final shaped object cast. The
final step in the process is the induced polymerization of the
monomer and crosslinking agents.

A major objective of this specific study was to develop a
better understanding of the influence of different crosslinking
agents on the polymerization of acrylamide and on the physical
properties of the composite. The applications of these studies
extends to such diverse fields as soil grouting systems [1],
heavy metal stabilization and/or composite CBC products.

EXPERIMENTAL

The gel-castina process

Two monomers were used in this study: the di-functional
monomer acrylamide (Am) and the di-functional monomer,
N,N'methylene-bis-acrylamide (BisAAm). The acrylamide system was
chosen for this study because its polymer has already been
successfully used in MDF-cements prepared from ordinary portland
cement (OPC) (2,3,4,5]. The crosslinking reaction utilized the
BisAAm in order to create a three-dimensional structure2
Additional crosslinking was obtained with metal ions Ca and
Na÷, which were added in the hydroxide form to the aqueous mixing



solution before polymerization. These ions were chosen to
simulate contents of cement solutions. The basic aqueous
solutions initiate in-situ polymerization [1) conversion of the
carboxamide groups to carboxyl groups. Optimization of the
crosslinking in the presence of inorganic cations is a function
of pH, Eh and concentration (6,7]. The overall system must be
carefully designed in order to avoid the gels becoming unstable
and shrinking and to prevent syneresis.

Two types of samples were prepared for this study. One
type consisted of just the polymerized acrylamide, the other a
polymerized acrylamide with a ceramic filler. Both followed
essentially the same preparation procedure with the former being
prepared without the addition of the ceramic.

Characterization

Viscoelasticity is the time dependent change in stress at a
constant deformation and temperature. To obtain these
measurements, the gels, without ceramic addition, were placed
between parallel plates and a load of 120g was applied to deform
the gel. After a short period of time, long enough to stabilize
the gel, the load was removed and the recovery of the gel
monitored with an linear vector displacement transducer (LVDT).
All displacement measurements were read directly into a computer
and reported as the ratio of delta length change to length as a
function of time.

The heats of polymerization were measured on a Seebeck
isothermal calorimeter at 25°'C. All samples were run in a Teflon
coated copper sample holder.

Changes in the vibrational spectra of the component
acrylamide were monitored in the polymerized form with the
different crosslinking agents on an Instruments SA Rananon U-1000
microfocus spectrometer. All data was collected with the 514 nm
emission of argon ion laser set at 300mW of laser power.
Spectra of all of the starting components were collected and
served as "fingerprints" for comparison with the polymerized
samples.

Simple strength tests were conducted with cylindrical
specimens in a diametrical splitting configuration on an MTS
load-frame using a 10,000 psi load cell. The crosshead speed was
set at 0.002 inches per minute. Test specimens were prepared
following the GEL-casting procedures outlined above. For this
study, an inert filler consisting of approximately 70 weight
percent 30 micron quartz was selected.

RESULTS AND DISCUSSION

Calorimetry

In this study, four different experiments were conducted
to determine: a) the effect of varying amount of the BisAAm
monomer upon crosslinking; b) the effect of varying amounts of A.
and BisAAm on crosslinking; c) the effect of calcium ion with
varying pH and d) the effect of sodium ion with varying pH.
Compositions for specimens in these studies are presented in
Table 1.

In general it was observed that as the amount of BisAAm and
as the ratio of BisAAm to Am increased the degree of crosslinking
as indicated by the enhanced liberation of heat. The rate of the
chemical reaction as indicated by the time to reach maximum heat



TABLE 1. CHEMICAL FORMULATIONS USED IN EXPERIMENTS:
CALORIMETRIC VISCOELASTIC
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output also decrease monotonically with increasing crosslinking.
The presence of calcium ions in solution of varying pH

appeared to have little effect upon degree of crosslinking across
the pH range of 8 to 13. The rate of the reaction exhibited a
decrease with increasing pH. This behavior is contrasted to the
mono-valent cation, sodium which exhibited a marked decrease in
heat liberation above about pH of 12. This behavior is mirrored
by a sharp decrease in reaction rates in this same pH range.
Figure 1 is presented as an example of these data.

Viscoelastic studies

Two sets of creep-relaxation experiments were performed
in which a) gels with varying BisAAm concentrations and b) gels
with Ca2+ and Nal+ concentrations were studied. These
formulations are also presented in Table 1.

Results obtained in the experiments with constant
concentrations of Am and varying amounts of BisAAm demonstrated
that both maximum creep and maximum relaxation decreased with
increasing BisAAm concentrations. These observations are in
concert with intuitive assumptions that more crosslinking will
result from greater concentrations of BisAAm and hence the gels
will become more anelastic:

weight % BisAAm 0.1 0.5 1.0
creep/relaxation ratio 2.5 4.6 6.4

Polyacrylamide crosslinked with inorganic ions revealed
markedly different effects. Samples prepared with sodium ions in
solution exhibited a lower relative relaxation compared to a
standard sample of gelled polyacrylamide without any cation
addition, while gels with calcium ion, at the same concentration
as sodium, exhibited a higher relative relaxation:

ion none Ca2 + Na+
creep/relaxation ratio 6.4 2.9 15.9

These results suggest that the chain branching caused by the



mono-valent sodium ion is greater than the di-valent calcium ion
"resulting in a stiffer more anelastic gel. This observation is
consistent with what would be anticipated based solely on
valence. The explanation of these observations lies in the
nature of the chain entanglements that result for crosslinking.
The sodium ions, having only a single charge, forms branches in
the polyacrylamide molecules rather than extensive crosslinking
networks. Charlesby [8] suggests that for a limited time period,
chain entanglements behave as permanent crosslinks. Under
stress, these chain entanglements undergo permanent changes. This
interpretation is further supported by the behavior of the gels
containing calcium. Here crosslinking networks are formed, so
that when the outwardly applied stress is released, the network
can restore itself to a greater extent than the entangled gels.

Raman spectroscopic characterization

Based on previous assignments (9,10,11,12] the Raman spectra
of polyacrylamide gels crcsslinked with sodium and calcium show
changes in the skeletal stretching and skeletal deformation as
the pH increased. The spectra in this region are very complex
but maybe used as "fingerprints" to note changes. The most
significant changes occurred in these spectra when the pH
exceeded 12. However, when the fingerprint spectra of the sodium
and calcium samples are contrasted, differences are present,
suggesting significantly different crosslinking taking place.
Although not fully interpretable in detailed terms, the Raman
data both support the calorimetric and viscoelastic results.

Diametral tensile strength

Four separate sets of experiments were conducted with quartz
filled, gel-cast polyacrylamide composites. These studies
consisted of: a) varying the amount of BisAAm with constant Am
and solids loading; b) varying the pH of aqueous solution
containing sodium ions; c) varying the pH of aqueous solution
containing calcium ions and d) varying the grain size of the
inert filler. Table 2 details the composite conmpositions used
in these studies.

Increasing the amount of BisAAm by just a half of a weight
percent resulted in nearly a 50% decrease in strength from 6.5
MPa to about 3 MPa. The effects of both the calcium and sodium
ions on the silica composites are quite similar. Optimum
crosslinking appears to have occurred at pH of approximately 11.5
which is manifested in tne maximum tensile strength of about 3.5
MPa. As the pH is var:ei from this optimal value the strengths
of the composites are seen to decrease. The pH value of 11.5 is
the value at which the cnset of rapid decrease in the time to
maximum heat product::n in the unfilled gels occurs. Finally, as
would be anticipated, :-zzosites prepared with varying size
fillers ranging from C 1: 33 microns exhibited a decreasing
strength with increas. -rain size, Table 2.

SUMMARY

The in situ poly-e7-:iticn and subsequent gelation of
aqueous systems of organi: 7onomers to bind inorganic matrixes
has many applications. T!e objective of this study has been to
examine the reactions czcc.rring in and the characterization of
one set of materials empz::. ng these methodologies. The results



"IL of this study are intended to have more generic uses in a wide
variety of applications. These studies have demonstrated the
ability to tailor the properties of a gel cast system over a
relatively wide range of reaction rates and the resulting
mechanical properties by utilizing small adjustments to the
overall chemistry of the system. This may be desirable in systems
where precise control of these characteristics are required.

TABLE 2. FORMULATIONS USED IN GEL-CASTING EXPERIMENTS AND RESULTS
OF TENSILE STRENGTH TESTS.
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However, these results also point to potential problems that may
be encountered when utilizing these systems, that relatively
small changes in concentrations and/or the presence of relatively.
small amounts of impurities may result in significant changes in~characteristics of the composite.
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Figure 1. Reaction intensity for polyacrylamide gels (Am = 34
wt.%, BisAAm = variable). A) maximum peak heat B) time to reach
the maximum peak heat for the different polymerizat.,on reactions.
Part 1 - as function of BisAAm concentration. Part 2 - As
function of pH (adjust with NaOH).
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